Magnetic molecule-surface hybrids are ideal building blocks for molecular spintronic devices due to their appealing tailorable magnetic properties and nanoscale size. So far, assemblies of interacting molecular-surface hybrids needed for spintronic functionality were generated by depositing aromatic molecules onto transition-metal surfaces, resulting in a random arrangement of hybrid magnets due to the inherent and strong hybridization. Here, we demonstrate the formation of multiple intramolecular subunits within a single molecule-surface hybrid by means of spin-polarized scanning tunneling microscopy experiments and ab initio density functional theory calculations. This novel effect is realized by depositing a polycyclic aromatic molecule on a magnetic surface. A highly asymmetric chiral adsorption position induces different structural, electronic, and magnetic properties in each aromatic ring of the molecule. In particular, the induced molecular spin polarization near the Fermi energy varies among the rings due to site-and spin-dependent molecule-surface hybridization. Our results showcase a possible organic chemistry route of tailoring geometrically welldefined assemblies of magnetically distinguishable subunits in molecule-surface hybrids.
Introduction
In the past few years molecular spintronics [1] research has witnessed a fast developing interest in the investigation and functionalization of organic-ferromagnetic interfaces [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Major achievements in the field include the detection of the inversion of the spin-polarization above single molecules deposited on magnetic surfaces [7, 8, 12, 16] , the measurement of interface magnetoresistance due to the formation of a hybrid interface magnetic layer [11] , and the time-resolved occupation analysis of hybrid interface states acting as spindependent electron traps [10] .
The adsorption of a nonmagnetic π-conjugated organic molecule on a ferromagnetic surface can lead to the magnetic hardening effect and thus the creation of a so-called magnetic molecule-surface hybrid [1, 7, 8, 15] with a stable magnetization direction and an enhanced coercive field as compared to the clean surface [17] . The magnetic moment, anisotropy, and coercive field of these hybrids sensitively depend on the spin-dependent hybridization of molecular π-orbitals with d-orbitals of the substrate [7, 13, 14] , which is governed by the local geometry and chemical bond formation. Recently, the long-range magnetic coupling of molecule-surface hybrids embedded in a nanoskyrmion lattice was demonstrated [13] offering a molecular analogy to the atomby-atom spin-based logic devices realized by single atomic chains connected to ferromagnetic leads [18] . So far, the possible presence of magnetically distinguishable subunits in a single magnetic molecule-surface hybrid has not been considered. Theoretical work dealing with the chemisorption of a variety of carbon-based molecules [17, 19] showed that the spin-dependent π-d hybridization between molecules and ferromagnetic substrates enhances the exchange coupling among the involved substrate atoms. Here, we demonstrate that in more Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. complex polyaromatic molecules this effect occurs for each aromatic ring and can indeed induce magnetically distinguishable subunits. To this end, we study nanoscale organic-ferromagnetic hybrid systems formed by depositing polycyclic 2,4,6-triphenyl-1,3,5-triazine (TPT) molecules comprising in total four phenyl and triazine-like rings on two monolayers (ML) Fe on W(110). Our combined spin-polarized scanning tunneling microscopy (SP-STM) and density functional theory (DFT) investigation uncovers significant ring-to-ring differences in local density of states (LDOS) and spin polarization as well as magnetic couplings arising from a highly asymmetric adsorption geometry. The advantage of such a molecular approach is the possibility to tailor the geometry of the assembly of hybrid magnetic units and their magnetic properties by means of synthetic organic chemistry.
Methods

Experiment
Samples were prepared under ultra-high vacuum (UHV) conditions. The W(110) substrate was cleaned according to the procedure described in [20] . Iron was evaporated at a rate of 0.6 ML min −1 for a total coverage of 1.5 ML. To achieve smooth surfaces samples were annealed at 500 K for 8 min. TPT was obtained from Sigma-Aldrich with a purity of 98% and was sublimed after thoroughly degassing at 450 K from a Knudsen cell with a rate of 0.5 ML min −1
. During the TPT deposition the substrate was cooled to 170 K to reduce the molecule mobility on the surface. Afterwards the sample was transferred into the STM and cooled to 5 K. SP-STM images were obtained with Cr-coated (10 ML) W-tips. dI/dV spectra are recorded by modulating the bias voltage (4.111 kHz, 30 mV rms ) and using lock-in detection. All displayed spectra are taken during a single bias voltage ramp. For each voltage step, the lock-in amplifier is allowed to stabilize for 10 ms, before the dI/dV signal is averaged during 40 ms. The positioning accuracy and the reproducibility of the relevant features is ensured by repeating the measurements several times.
Theory
The spin-polarized electronic structure calculations were carried out in the framework of DFT [21, 22] using the VASP program [23] [24] [25] . In addition, projector augmented-wave datasets [26] as constructed for the exchangecorrelation functional of Perdew, Burke, and Ernzerhof [27] were employed. Throughout all calculations a plane wave cutoff energy of 500 eV was used. All structures were relaxed until the forces were smaller than 10 meV Å −1
. Due to the large size of the supercell (22.4 Å×22.2 Å×33.1 Å) used in the calculations, the Brillouin zone was sampled only at the Γ-point. The unit cell consisted of two Fe layers and five W layers [2 ML Fe/W(110)] each represented by a 5×7 in-plane surface unit cell containing 70 Fe or W atoms. The TPT molecule was adsorbed on top of the Fe layers. The vertical (vacuum) spacing between two slabs was about 18 Å, and the lateral distance between molecules in neighboring unit cells was at least 10 Å. During the geometry optimization the upper two W layers, the two Fe layers, and the atoms in the molecule were allowed to relax.
Results
Adsorption geometry and electronic properties
The flat molecular structure of TPT consists of three peripheral phenyl rings attached to a central triazine-like ring (figures 1(b) and (c)). Hence it consists of two types of aromatic rings, which are chemically and consequently also electronically different. Considering previous reports [13, 17] , it can be expected that upon adsorption of the molecule on a magnetic surface (at least) two different magnetic subunits will be formed. Furthermore, the degeneracy among the peripheral phenyl rings can be lifted depending on the symmetry of the substrate lattice and the resulting adsorption geometry.
For this reason we first characterize the deposition of TPT on 2 ML Fe/W(110) by STM. All STM measurements have been performed at 5 K under UHV conditions. Figure 1(a) shows a typical overview STM image with sub-monolayer TPT coverage. The TPT molecule is easily identified by its characteristic shape ( figure 1(b) ) and is reliably found on defect-free areas. The clearly predominant occurrence of intact and unperturbed TPT molecules indicates a sufficient molecular stability against decomposition during sublimation and surface deposition. The vertical stripes in figure 1(a) are characteristic dislocation lines of the 2 ML Fe/W (110) surface [28] .
A closer inspection of the TPT appearance, e.g. in the inset in figure 1(a), reveals differences for the peripheral phenyl rings in brightness, size, and shape. The bottom right phenyl ring ('1') in the inset in figure 1 (a) appears in the STM images brightest and almost spherical. In comparison, the left ('2') and the top right ('3') phenyl rings appear smaller and darker. The significance of these differences is shown in figure S3 of the supplementary online material available at stacks.iop.org/NJP/19/053016/mmedia. Since in the gas phase geometry all phenyl rings exhibit the same electronic properties, these differences must arise from the interaction with the 2 ML Fe/W(110) surface. STM measurements of TPT with atomic resolution of the substrate lattice (see note 1 in the supplementary online material) reveal a completely asymmetric adsorption geometry, for which each aromatic ring exhibits a different binding to the substrate. Consequently intramolecular differences in LDOS arise among the rings and are detected by STM. A computational investigation of the stability of different adsorption geometries corroborates the experimentally suggested adsorption geometry as having the largest binding energy to the surface (see note 1 in the supplementary online material). The lowest-energy relaxed structure is presented in figures 1(b) and (c). The sideview in figure 1(c) reveals different adsorption heights of the distinct aromatic rings as a manifestation of the asymmetric adsorption geometry. The lowest adsorption height is associated with the central triazine-like ring that is most tightly bound to the surface in agreement with [29] . When adsorbed on the 2 ML Fe/W(110) surface one mirror plane of the TPT molecule (red line in figure 1(b) ) is rotated by ±7°with respect to the [110] direction of the substrate, giving rise to a chiral adsorption geometry. All four resulting chiral adsorption orientations are experimentally observed as shown by the molecules marked with different colors in figure 1(a). Adsorptioninduced molecular chirality [30, 31] has previously been evidenced by STM observation [32] [33] [34] [35] . A more detailed discussion of the chiral adsorption positions is given in note 2 in the supplementary online material.
The LDOS differences between the phenyl rings arising from the asymmetric adsorption position were further investigated by scanning tunneling spectroscopy (STS). Spectra of each aromatic ring as well as a reference spectrum of the substrate are presented in figure 2(a) . Tip changes during the experiment were excluded by comparing spectra of the bare substrate before and after the measurements. The characteristic d z 2 orbitals for the 2 ML Fe/W(110) at −80 and +700 mV are easily identified [36] . The phenyl rings are numbered with respect to decreasing brightness, i.e. the same way as in the inset of figure 1(a) . The molecular spectra do not exhibit sharp peaks, but instead show broad band-like features due to the hybridization with the substrate. This situation is typical for chemisorption and indicates a strong interaction between molecule and surface in agreement with the large calculated adsorption energy of 3.58 eV. Significant peaks in the molecular spectra are found at the same energy as the Fe d z 2 orbitals of the bare substrate. The assignment of these peaks to spectral features of the TPT/Fe molecule-surface hybrid system that originate from molecular π states is confirmed in the simulated LDOS presented in figure 3(c) . The inequivalent hybridization of the three peripheral phenyl rings with the substrate results in a different shape of the corresponding peaks and induces LDOS differences affecting the whole investigated bias voltage interval of [−1 V, 1 V]. Interestingly, the triazine-like ring exhibits a similar spectrum as the phenyl rings. Aromatic rings with varying number of nitrogen atoms have been shown to exhibit significantly different electronic properties [37] . In the present case the proximity of the aromatic rings and the finite radius of the STM tip appear to reduce these differences. [38] . Differences between the aromatic rings concerning appearance and lateral extent are clearly visible in the STM data at both bias voltages and are nicely reproduced in the simulated images in figure 2(b) .
Magnetic properties
The magnetic properties of the TPT/Fe/W(110) system are investigated by SP-STM using Cr-coated W-tips sensitive to the out-of-plane magnetization direction. An SP-STM overview topography image of the TPT/Fe/ W(110) system is shown in figure 3(a) . Similar to previous reports on other organic-ferromagnetic interfaces [7] , TPT appears in SP-STM topographies significantly different on opposite magnetic domains (dark and bright background in figure 3(a) ). On domains where tip and sample magnetization are antiparallel (dark domain), the TPT appears very similar to the spin-integrated case in figure 1(a) . In contrast, on domains with parallel tip and sample magnetizations (bright), TPT is imaged as a mostly black spot with a bright halo. These marked differences in appearance indicate a strong spin-dependent hybridization.
Spin polarization maps of the TPT/Fe/W(110) system are analyzed in figure 3(b) . The spin polarization maps are calculated according to the procedure described in [7, 39] by subtracting SP-STM topography images of TPT on oppositely magnetized domains. In contrast to previous work [7, 40, 41] we find within a given adsorbed molecule different spin polarization with specific features on aromatic rings (here the phenyl rings) that are otherwise chemically identical in the gas phase. For the theoretical data the height difference represents the spin polarization of the sample, whereas for the experimental data it is approximately proportional to the effective polarization of the tip-sample tunneling junction (see note 3 in the supplementary online material). The spin polarization of the tip that is not entering the calculations can be considered constant during a given measurement and solely reduces the experimentally measured effective polarization. Experimental and simulated raw images used for the calculation of the spin polarization maps are presented in figure S4 in the supplementary online material. The comparison of the spin polarization maps in figure 3(b) again indicates a good qualitative agreement between experiment and theory 6 . One important point is that for the bare Fe surface close to the Fermi level minority (spin-down) states dominate. Therefore, the spin polarization P of the bare Fe surface close to the Fermi energy
is negative, where  n and  n are the charge densities for spin-up and spin-down in a given energy interval. Remarkably, the spin polarization at both bias voltages is clearly positive above the molecule, i.e. it is inverted in agreement with the theoretically predicted and experimentally observed generalp d z hybridization-induced inversion of the spin polarization above non-magnetic organic molecules chemisorbed on magnetic substrates [7, 16] . The inversion of the spin polarization above the molecule extends over a large energy range around the Fermi energy as can be clearly seen in the calculated spin polarized density of states (SP-PDOS) on the site of the molecule depicted in figure 3(c) . STM accesses practically solely the π states (blue line) above the molecule since the σ states are predominantly localized in the molecular plane and thus decay more rapidly into the vacuum region. On the other hand, the SP-PDOS of the surface Fe atoms even below the molecule in figure 3(d) clearly indicates a negative spin polarization P hence pointing to the molecular origin of the observed inversion. In addition, the simulated images in figure 3(b) correctly reproduce the smaller degree of positive spin polarization above the TPT molecule at +100 mV as compared to −100 mV, where above two molecular rings very strong positive spin polarization is detected. However, the relative degree of the spin polarization among the lobes is slightly different between experiment and theory. This minor difference can be assigned to the electronic structure of the tip, which is contributing to the measurements, but is not included in the simulations according to the Tersoff-Hamann approximation. Most importantly, in both the experimental and the theoretical results a pronounced difference in the spin polarization among the lobes is found, which is particularly obvious at −100 mV. This means that the structural asymmetry outlined above carries over not only to the electronic ( figure 2(a) ) but also to the magnetic properties of the system. Hence, the magnetic inequivalence of the four subunits related to the four aromatic rings of TPT is established.
The spin-dependent hybridization at organic-ferromagnetic interfaces not only induces spin polarization in the chemisorbed molecules, but also modifies the magnetic properties of the involved substrate atoms. More precisely, when analyzing the magnetic moments and molecule-surface distances within the relaxed structure obtained from DFT for the TPT-2ML Fe/W(110) hybrid system we found that the interaction of TPT with the surface is essentially confined to the thirteen first layer Fe atoms it is directly bound to (green and black marked atoms in figure 4(a) ) in agreement with previous findings in [17, 19, 29, 42] . Specifically, for these 13 Fe surface 6 When comparing experimental (SP-)STM images with simulated images, one has to be aware that the STM tip is an integral part of the quantum-mechanical system describing the tunneling junction of the STM experiment, which is not accounted for in the simulations.
atoms the distance to C or N atoms of the molecule is shorter than 2.5 Å, whereas all other surface atoms are at larger distances. In addition, the magnetic moments of these 13 Fe atoms are considerably reduced by m -0.1 0.5 B compared to the bare surface value of m 2.9 B , whereas all other Fe moments are equal to the clean surface value (see table S2 of note 4 in the supplementary online material). Furthermore, experiments [13, 43] as well as DFT calculations [17, 19, 42] have unambiguously shown that carbon-based adsorbates such as organic molecules and graphene lead to an in-plane magnetic hardening effect, i.e. they enhance the exchange coupling between the first layer magnetic surface atoms directly bound to them. Even more importantly, in [17] it was demonstrated that due to this effect the chemisorbed benzene-like ring of paracyclophane gives locally rise to the formation of a strongly exchange coupled hybrid molecule-surface magnetic unit. Based on these grounds and the magnetic non-equivalence of all aromatic rings of TPT on Fe/W(110) outlined in figure 3(b) the chemisorbed TPT molecule can be considered to give rise to four molecule-induced magnetic subunits, each consisting of an aromatic ring and the Fe atoms directly bound to it. The assignment of the Fe surface atoms to different magnetic subunits labeled 1-4 is shown in figure 4(a) .
We evaluated the magnetic exchange coupling constants between these subunits and of each subunit to its clean Fe environment by generalizing the procedure used in [17, 19, 29] . Each magnetic subunit is coupled to a specific clean surface unit that consists of the respective unperturbed nearest-neighbor Fe atoms in the first and second Fe layers. The exchange interaction is modeled by a nearest-neighbor Heisenberg Hamiltonian:
where m i and m j stand for the values of the magnetic moments of nearest-neighbor units i and j, respectively. Accordingly, the energy difference between ferromagnetic (FM) and antiferromagnetic (AFM) alignment of specific magnetic subunits can be expressed as:
By taking into account a suitably chosen set of antiferromagnetic configurations, where the moments of selected magnetic subunits are flipped, the coupling constants between the subunits can be obtained from the resulting system of coupled equations (see note 4 in the supplementary online material for details and a compilation of the coupling constants). Both the coupling between the subunits as well as the coupling of each subunit to its clean surface environment are considerably different. We present in figure 4 (b) the total coupling constants for each subunit, which were obtained by summing the coupling constants of each subunit to all other (moleculeinduced and clean surface) nearest-neighbor units. The coupling constants listed in figure 4(b) give a direct measure of the energy scale for flipping the magnetic moment of the respective subunit with respect to all other subunits. The coupling constant evaluated from flipping the moment of a single Fe atom of the bare surface (unit 1 Fe-cs) is given as a reference 7 . Obviously, the energy scale to flip the moments of the molecule-induced hybrid magnetic subunits is larger than of a single surface Fe atom. This is a consequence of the fact that these hybrid subunits comprise three or four Fe surface atoms with enhanced exchange coupling in agreement with the results in [13, 17] . Most importantly, the coupling constants of all molecule-induced hybrid magnetic subunits are considerably different as they vary by about 15%. This finally justifies that upon adsorption of TPT onto the 2 ML Fe/W(110) surface four distinguishable magnetic subunits below the molecular rings can be assigned, which are clearly distinct with respect to their magnetic exchange coupling behavior. The coupling values J unit do not directly transform into switching fields for the magnetization reversal process since the switching will not take place by a direct flipping of the total moment of these different subunits. Stronger coupling counteracts thermal fluctuations and thus leads to an enhanced switching field as demonstrated by Monte-Carlo simulations [17, 19] and in experiments [11] . The clearly different coupling constants J unit and our experimental SP-STM data both corroborate the formation of multiple distinguishable magnetic subunits within a single molecule-surface hybrid.
Conclusion
We found by both STM measurements and DFT calculations that the TPT molecule adsorbs in a chiral adsorption geometry on a 2 ML Fe/W(110) surface. This chirality expresses itself in an asymmetric geometry, in which all four aromatic rings of the molecule and the Fe atoms underneath are structurally and hence electronically different as indicated by both experimental as well as simulated STM topography images. Magnetically, an inversion of the spin polarization near the Fermi energy with respect to the Fe surface was found above the molecule in agreement with the general spin polarization inversion mechanism outlined for nonmagnetic organic molecules on magnetic surfaces [7] . The structural asymmetry was found to give rise to a variation of the spin polarization among the different phenyl rings showcasing an intramolecular modulation of the spin polarization on a nanometer length scale. The formation of multiple distinguishable magnetic subunits, each consisting of an aromatic ring and the Fe atoms directly underneath, is further confirmed by DFT calculations that reveal different magnetic moments and exchange coupling constants for the subunits as a consequence of their structural distinctiveness.
The perspective arising from our results is the generation of several magnetic subunits with different magnetic properties, in particular the exchange coupling, within a single adsorbed molecule. Organic chemistry can be used to design the linker groups between aromatic rings (each inducing a magnetic subunit upon adsorption) in order to tailor the mutual magnetic interactions between the subunits. Tuning parameters are for instance the length of the linker groups and their bonding character. Suitably adjusted magnetic couplings between the subunits are expected to lead to different switching thresholds under application of magnetic fields, spin currents, or other stimuli. This allows the generation of various intramolecular magnetic configurations with different (parallel and antiparallel) mutual magnetic alignment of the subunits. The coupling between them will allow for conditional switching of a given subunit depending on the magnetic alignment of the others. Hence, the threshold field of a given subunit depends on the magnetic state of the other subunits, ultimately enabling intramolecular spin-logic. The advantage of this organic chemistry route is the tunability of the magnetic interactions between intramolecular subunits, which is hardly achievable for the intermolecular interaction between randomly arranged hybrid magnets.
